Quasi-simultaneous measurements of the ocean surface by the Canada Centre for Remote Sensing (CCRS) Convair-580 (CV-580) synthetic aperture radar (SAR) were acquired on March 20, 1988, along an ascending pass of the Geosat radar altimeter as part of the prelaunch ERS-1 Norwegian Continental Shelf Experiment (NORCSEX '88). Over a region where the SAR look direction is parallel to the wind vector, a relationship between the ocean scattering cross sections measured by the Geosat altimeter and the SAR is obtained. In the regions where the wind direction is changing, an estimate of the wind direction is derived from the differences measured between the altimeter and the SAR scattering cross sections. Wavelength and wave directions derived from the SAR wave spectra are in good agreement with the sea truth data obtained with the wave directional buoys and with the altimeter-derived swell estimates. Significant wave height measured by the Geosat altimeter is compared with the buoy measurements and is used to assess the validity of the significant wave height deduced from the SAR.
The dominant swell field observed in the SAP, imagery came from the southwest and was augmented by a wind sea especially to the east of buoy 4.
The complex meteorological and oceanographic conditions that were present during the SAP, flight are described in section 2. The next section introduces the SAP, system and the altimeter sea state measurements. The SAP, and the altimeter ocean scattering cross section are analyzed in section 4 and, based upon the wind speed determination with the altimeter, wind vectors are derived from the SAR cross-section measurements over part of the flight when the wind direction was changing. The next section presents the wave analysis from the radar altimeter and the airborne SAR and is followed by a discussion and summary of the results.
THE METEOROLOGICAL AND OCEANOGRAPHIC

CONDmONS
The altimeter and SAR tracks crossed two directional wave measuring buoys (Wavescan) providing time series of wave height, wave propogation direction and wind speed at regular intervals of 3 hours (Figure 1 ). At these buoy positions, two current meter moorings were also deployed recording the subsurface current and temperature field from 25 m below the surface to within 25 m of the bottom.
Meteorological data (at 3-hour intervals) from all surface platforms in the measurement area except buoy I show the passage of a storm system through the area over a 9-hour period ending during the SAR data acquisition. Near the common intersection of the SAR passes, the drilling platform West Delta and buoy 4 report a large drop in wind speed over the reporting epoch ending at 0900 UTC. Wind directions reported by buoy 4 [Barstow and Bierken, 1988] are anomalous in the context of the rest of the data set, probably owing to the application of the magnetic declination correction in the wrong sense. When the data are adjusted for this error, the surface data set is internally consistent.
During the evening of March 19, all four buoys measured maximum significant wave heights, which slowly decreased until approximately the time of the flight, during which conditions changed rapidly due to the passage of a storm. Prior to and during the flight, the main wave propagation direction measured by the buoys came from the southwest with periods varying between 11.8 and 12.8 s corresponding to wavelength between 220 and 250 m. These waves resulted from a storm which occurred on March 19 off the east coast of Scotland. The storm was characterized by strong winds blowing from the southwest along the Norwegian coast.
The reported air-sea temperature differences indicate that neutral stability conditions at the air-sea interface are satisfied over the experiment area. The water temperature at the drilling platform West Delta is 2 ø warmer than buoy 4 (30 km west-northwest), indicating the presence of a frontal structure.
The mean oceanographic conditions in the SAR-altimeter crossover region are schematically summarized in Figure 2 The Geosat satellite was in a nearly circular orbit with an inclination of 108 ø at an altitude of 800 km. The satellite carried a short-pulse (3.125 x 10-9s) nadir-viewing radar altimeter operating at 13.5 GHz. The geophysical measurements obtained from the radar altimeter were as follows: (1) the altitude of the altimeter above the ocean surface derived from the time delay between transmission and reception of the radar altimeter signal, (2) the significant wave height computed on board the satellite from the slope of the mean return waveform leading edge, and (3) the ocean surface wind speed deduced from the ocean back scatter coefficient determined from the automatic gain control (AGC) loop used to normalize the amplitude of the ocean return signal.
The Geosat radar altimeter system is described by MacA•hur et al. [1987] . For the measurements of sea surface elevation and SWH, the effective footprint size on the sea surface varies from 2.4 to 11.6 km depending on the sea state. The ocean backscatter coefficient is derived from the AGC, which drives the sum of 63 range gates of the return signal to a constant value. Sixty of the sample gates are separated by 3.125 ns with three gates halfway between gates 29, 30, 31, and The altimeter antenna measures specular returns from the nadir sea surface. On board Geosat, the amplitude of the ocean-return signal is normalized via the AGC loop. Properly calibrated, the AGC setting measures the backscatter coefficient at the ocean surface that in turn is dependent on wind speed at the ocean surface. The scattering cross section of the ocean surface at the nadir can be modeled by specular points assuming that the sea surface slopes are nearly Gaussian and isotropic in their distribution [Barrick, 1974] Setting aside the surface current effects on the generation and dissipation of capillary waves, the normalized scattering cross section of the sea surface will be some function of the wind velocity V, the radar wavelength X, the incidence angle 0, and the wind azimuth angle •p (measured from the surface projection of R). 
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ALTIMETER AND SAR WAVE MEASUREMENTS
The Geosat Significant Wave Height Measurements
The effect of waves in the altimeter's footprint is to stretch the leading edge of the return radar pulse because of early returns from wave crests and later returns from wave troughs. The slope of the leading edge is inversely related to the wave height and is reduced to SWH estimates on board the satellite. 
Cotnparison Of the Geosat and Buoy Significant Wave Height Measurements
The Geosat SWH variations and the buoy measurements along the satellite track are presented in Figure 11 This is an indication that the sea state is swell-dominated.
The Geosat Minimum Significant Swell Height
From the simultaneous measurements of SWH and wind speed (V) by the Geosat altimeter, a minimum significant swell height can often be inferred. This is the case when the SWH measured by the altimeter is greater than the fully developed wave height derived from V. The fully developed wave height is computed using the Pierson-Moskowicz expression of the spectrum [Pierson and Moskowicz, 1964] . When the fully developed wave height assodated with Vis smaller than the altimeter-measured SWH, the difference between the energy in the altimeter SWH field and the fully developed wave field is due to the presence of swell, and a minimum significant swell height can be computed [Mognard, 1984] . The PiersonMoskowicz spectrum used to derive the minimum significant swell height from the wind speed measurement assumes that the wind sea is fully developed. In the middle of a storm, when the conditions are not fully developed and the energy in the altimeter SWH measurement is lower than the energy in the fully developed sea (as derived from 1O, the altimeter-inferred minimum significant swell height cannot be estimated. The Geosat minimum significant swell heights are presented in Figure 12 5.4.1. Estimation of wave spectra from SAR image. SAR spectra were extracted from the standard seven-look processed images collected in nadir mode as described in sections ! and 3. Data segments consisting of 512 pixels in range by !024 pixels in azimuth were selected at along-track intervals of 6.7 km, corresponding to the !-s Geosat sample locations. The cross-track locations of these segments were chosen to be centered at an incidence angle of approximately 35 ø .
These segments were first resampled onto a regular 4 x 4 m ocean surface grid to remove the distortion caused by recording the data in the slant plane. The resampled images were low-pass filtered, and the original images were divided by the corresponding filtered images to remove the low-frequency noise in the data, including that caused by the residual antenna pattern. Each of the 5!2 x !024 image segments was then divided into two 5!2 x 5!2 subsets which were Fourier transformed, and the squared magnitudes of each pair of Fourier transforms were averaged together to form an estimate of the image spectrum for each data segment.
These image spectra were displayed in two different ways and were also used to estimate the SWH as described in section 5.4.2. Figure !3 In addition to observing the general shape of the SAR spectra, we have also attempted to estimate the SWH from the SAR data.
Estimation of significant wave height from SAR data.
There is a considerable amount of uncertainty with regard to the mechanisms by which ocean waves modulate the SAR image intensity, particularly for waves traveling at large angles with respect to the radar look direction. Nevertheless, there is a body of information about these mechanisms which can be exploited to yield at least a first-order estimate of the SWH for comparison with the Geosat estimates.
In the general case, the imaging of ocean waves by SAR is influenced by surface motion (velocity bunching and azimuth fall-off) effects, as well as by "real" radar cross-section modulation (tilt and hydrodynamic) mechanisms. In the data set considered here, however, since the peak of the spectrum is in the radar range direction, surface motion effects are expected to be minimal and have been neglected in this analysis. We assume therefore that the image spectrum Si(k ) can be related to the wave height spectrum Although this wind speed dependence of the radar mtf is a complicating factor in attempting to make quantitative use of SAR ocean wave data, it is quite conceivable that corrections can be made for this dependence based on wind speed estimates from the SAR data itself. These corrections are beyond the scope of this paper, however. Figure 4) , the approximate width of the low is 20 km.
Along the eastern edge of the low is a well-defined wind front which is observed by both the SAR and the altimeter. On the southeastern side of the front, the wind field is relatively uniform (Figure 1 (Figure 14) . However, a consistent peak in energy between 100 and 150 m corresponding to a wind wave component in agreement with the measured altimeter wind speed is not obtained in the SAR wave spectra.
There arc several possible explanations for this apparent discrepancy. However, wc believe that the lack of a second wind wave peak in the SAR spectra may bc duc to the mechanism discussed by Donelan [1986] wherein the presence of a swell inhibits the growth of a higher-frequency wind wave and instead causes energy input from the wind to bc deposited in the swell itself. The reason for this effect is not well understood but has bccn hypothesized by Donclan to bc duc to a "dctuning" of the resonant nonlinear interactions which transfer energy to the long waves.
Swell directions determined from SAR wave spectra arc mostly coming from the southwest (Figure 16 ). However, at the start of the pass, near the Norwegian coast, and at the end of the pass, beyond the continental shelf break, a larger scatter in the energy distribution from the SAR wave spectra indicates the possibility of interactions with the local current features.
